1. Introduction {#s0005}
===============

Primary hyperalgesia at the site of an injury or an inflammation may arise from nociceptor sensitization [@b0090] and/or from amplified nociception in the central nervous system. A suggested central pain amplifier consists of activity-dependent long-term potentiation of synaptic strength (LTP) at C-fiber terminals in the superficial spinal dorsal horn [@b0265]. We have demonstrated previously that LTP can be induced at synapses between primary afferent C-fibers and lamina I projection neurons of the superficial spinal dorsal horn by the application of conditioning electrical high-frequency stimulation (HFS) to the dorsal root at C-fiber strength. HFS-induced LTP requires activation of postsynaptic NMDA receptors and a rise in postsynaptic \[Ca^2+^\]~i~ [@b0130]. According to Hebb's postulate [@b0095], induction of LTP requires coincident activation of the presynaptic and postsynaptic site, thereby leading to potentiation at activated synapses only. HFS-induced LTP at C-fiber synapses might therefore be regarded as Hebbian type. If LTP was expressed at stimulated synapses only, it would constitute a mechanism of primary hyperalgesia solely. Hyperalgesia typically also occurs, however, in the area outside the primary lesion where neither nociceptor activation nor peripheral sensitization occurs. The mechanisms underlying this secondary hyperalgesia are considered to be purely central. Much progress has been made in elucidating the neuronal mechanisms of secondary hyperalgesia [@b0035; @b0265; @b0295], but some fundamental questions are still unresolved. For example, it is so far unknown how nociceptive input in one pathway triggers pain amplification in nearby, nonstimulated pathways, and how conditioning HFS leads to secondary hyperalgesia in humans [@b0170; @b0175].

We hypothesize that conditioning HFS not only triggers LTP at stimulated synapses (Hebbian-type LTP), but also leads to LTP at nonstimulated synapses converging onto the same postsynaptic neurons (non-Hebbian LTP). We thus tested whether a rise in postsynaptic \[Ca^2+^\]~i~ may be sufficient for LTP induction at converging nonstimulated C-fiber synapses (ie, non-Hebbian form of LTP). An alternative or an additional mechanism of secondary hyperalgesia would be the enhanced membrane excitability of nociceptive neurons in spinal dorsal horn. This would likewise lead to enhanced nociception not only in stimulated pathways, but also in nonstimulated converging pathways [@b0265]. We therefore also tested for intrinsic plasticity, ie, lasting modifications in membrane properties that affect the input--output function of neurons [@b0060; @b0330].

In the present study we demonstrated that non-Hebbian LTP can be induced by patterned postsynaptic depolarizing stimuli, whereas intrinsic membrane properties remain stable.

2. Methods {#s0010}
==========

2.1. Ethical approval {#s0015}
---------------------

All experiments were in accordance with directive 2010/63/EU of the European Parliament and the council of the EU, and were approved by the Austrian Federal Ministry for Education, Science, and Culture.

2.2. Preparation of spinal cord slices {#s0020}
--------------------------------------

Male Sprague Dawley rats (17 to 26 days old) bred at Himberg and cared for by the Medical University of Vienna breeding facility were used for all experiments. Rats were decapitated under deep isoflurane anesthesia. The spinal cord was exposed by laminectomy and quickly removed into ice-cold incubation solution consisting of (in mM): NaCl 95, KCl 1.8, KH~2~PO~4~ 1.2, CaCl~2~ 0.5, MgSO~4~ 7, NaHCO~3~ 26, glucose 15, sucrose 50, oxygenated with 95% O~2~, 5% CO~2~; pH 7.4, measured osmolarity 305--320 mosmol · L^−1^. Transverse, 400--600-μm-thick slices with dorsal roots attached were cut with a vibrating microslicer (DTK-1000, Dosaka EM, Kyoto, Japan). Slices were incubated at 33 °C for at least half an hour and were oxygenated with carbogen (95% O~2~, 5% CO~2~). Slices were then stored in the same solution at room temperature (21--24 °C). A single slice was then transferred to the recording chamber, where it was continuously perfused at a rate of 2--3 mL · min^−1^ with oxygenated recording solution. The consistence of the recording solution was identical to the incubation solution except for (in mM): NaCl 127, CaCl~2~ 2.4, MgSO~4~ 1.3, sucrose 0. Recordings were performed at 32 ± 1 °C with a single-channel in-line solution heater (Supertech Ltd International GmbH, Pecs, Hungary).

2.3. Electrophysiological recordings {#s0025}
------------------------------------

Superficial dorsal horn neurons were visualized with Dodt-infrared optics with a 40 × 0.80 NA water-immersion objective on an Olympus BX51WI upright microscope (Olympus Corporation, Tokyo, Japan). Neurons right beneath the dorsal white--gray matter border were considered as being lamina I neurons and used for the experiments. Standard whole-cell patch-clamp recording techniques were used in all experiments performed. Recorded neurons were investigated in voltage-clamp and current-clamp mode with an Axopatch 200B amplifier (Axon Instruments, Union City, CA, USA). Data were low-pass filtered at 10 kHz, amplified 2 times, and sampled at 10 kHz. The software package pCLAMP10 was used for data acquisition (Molecular Devices, Sunnyvale, CA, USA).

2.4. Induction of spinal LTP by depolarization {#s0030}
----------------------------------------------

Only neurons with monosynaptic C-fiber input were tested for induction of synaptic plasticity in this study. EPSCs were classified as C-fiber evoked for conduction velocities below 0.5 m s^−1^. Monosynaptic C-fiber input was identified by the absence of failures in response to 10 stimuli given at 2 Hz, and a jitter in response latencies of less than 2 ms. Patch pipettes were made from borosilicate glass on a horizontal micropipette puller (P-87, Sutter Instruments, Novato, CA, USA) and revealed an impedance of 2--5 MΩ when filled with the pipette solution consisting of (in mM): K-gluconate 120, KCl 20, MgCl~2~ 2, Na~2~ATP 2, Na-GTP 0.5, HEPES 20, Na~4~EGTA 0.5, pH 7.28 with KOH, measured osmolarity ∼300 mosmol L^−1^. In some of the experiments, the Ca^2+^ chelator BAPTA (20 mM; Sigma) was added to the pipette solution consisting of (in mM): K-gluconate 80, KCl 20, MgCl~2~ 2, Na~2~ATP 2, NaGTP 0.5, HEPES 20, Na~4~EGTA 0.5, pH 7.28 with KOH, measured osmolarity ∼300 mosmol L^−1^. In some experiments, the selective NMDA receptor blocker MK-801 \[(+)-5-methyl-10,11-dihydro-5*H*-dibenzo*\[a,d\]*cyclo-hepten-5,10-imine maleate)\] (1 mM; Tocris) was added to the standard pipette solution to block postsynaptic NMDA receptors. Nifedipine (50 μM; Sigma) or ryanodine (20 μM; Tocris) were added to the oxygenized superfusion solution at least 15 to 20 min before the conditioning depolarization. Stock solutions were prepared by dissolving the drugs in dimethylsulfoxide (DMSO; Sigma) and stored in aliquots at −20 °C. Aluminium foil was used to cover the tubes in all experiments with nifedipine because of its light sensitivity.

Dorsal roots were stimulated through a suction electrode with an isolated current stimulator (World Precision Instruments, Sarasota, FL, USA) for the recording of primary afferent evoked excitatory postsynaptic currents (EPSCs). Test pulses of 0.1 ms were applied at intervals of 30 s. The stimulation intensity of the test pulse was kept constant over the recording period. For the assessment of the paired pulse ratio (PPR), a second stimulation was applied with an interstimulus interval of 300 ms between the test pulses; a paired pulse depression was observed in all the EPSC recordings performed.

For the induction of synaptic LTP, different conditioning stimuli were used. In experiments where paired high-frequency stimulation (HFS) was applied, the dorsal root fibers were stimulated by 3 trains of 10 mA pulses provided at 200 Hz for 1 s at 10 s intervals. Neurons were simultaneously depolarized to about −30 mV. For the remaining experiments, postsynaptic depolarization without any presynaptic stimulation was used as the conditioning stimulation. Neurons were depolarized to about −30 mV in the current-clamp mode using different stimulation patterns: steady depolarization for 22 s, 6 depolarizing pulses for 1 s, 12 depolarizing pulses for 1 s, or 6 depolarizing pulses for 1 s combined with 22 s steady depolarization with 13 s interstimulus interval without current injection in between. For one series of experiments, a HFS surrogate was used as the conditioning stimulation. To identify a HFS surrogate, we first recorded the membrane potentials during the application of HFS from several neurons expressing LTP, and used a typical pattern of membrane potential fluctuation as HFS surrogate.

2.5. Ca^2+^ imaging {#s0035}
-------------------

For Ca^2+^ imaging experiments, the internal pipette solution was composed of (in mM): K-gluconate 120, KCl 20, MgCl~2~ 2, HEPES 20, Na~2~ATP 2, NaGTP 0.5, fura-2 pentapotassium salt 0.25 (Fluka), pH 7.28 adjusted with KOH; measured osmolarity ∼300 mosmol L^−1^. Lamina I neurons were loaded for at least 8 min with the fluorescent dye fura-2 via the patch pipette and illuminated with a monochromator. The monochromator extracts the desired wavelengths from white light using an optical grid in about 1 to 2 ms. Digital fluorescence images were obtained using consecutive exposures to 340 and 380 nm. The dichroic filter 410 nm and the long-pass excitation filter 440 nm from Till Photonics GmbH were used. The emission wavelength was 510 nm. Images were obtained at 2--5 Hz with a cooled CCD camera (TILLvisION Imaging system, TILL Photonics GmbH, Munich, Germany; Q-imaging, Surrey, BC, Canada). Kinetics of intracellular somatic Ca^2+^ signals were calculated off-line by ratiometric fluorescence (F~340~/F~380~).

2.6. Recording of intrinsic plasticity {#s0040}
--------------------------------------

The membrane potential measured in the absence of any current injection was considered as the resting membrane potential (RMP). Only neurons revealing a resting membrane potential more negative than −45 mV were studied further. For the investigation of the action potential (AP) threshold, neurons were held at −80 mV in the voltage-clamp configuration and depolarized in 2 mV steps until a strong Na^+^ current underlying an AP was elicited. The difference between the resting membrane potential and AP threshold (ΔV) was calculated for every neuron and considered as a contributing parameter of neuronal excitability. For the determination of the firing pattern, depolarizing current was injected 6 times for 1 s with increasing strength and 10 s interstimulus intervals each, starting from a membrane potential of −75 ± 5 mV. The increments of current injections were kept constant in each recording and ranged from 20 pA to 160 pA. Protocols for the determination of the RMP, AP threshold, and firing pattern were repeated every 10 min to compare the neuronal properties before and after the conditioning stimuli.

Membrane resistance, series resistance, holding current, and capacitance were measured by a hyperpolarizing voltage step from −70 mV to −80 mV and monitored throughout the whole experiment. Series resistance ranged from 8 to 20 MΩ. Neurons with changes in the series resistance of over 35% were excluded from further analysis. Offset and capacity were corrected at the beginning of each experiment. Recordings were discarded if the offset exceeded ±3.5 mV at the end of each experiment. No correction for the liquid junction potential was made.

2.7. Data analysis {#s0045}
------------------

Data were analyzed off-line using Clampfit 10 (Molecular Devices, Sunnyvale, CA, USA) and SigmaPlot 11 (Systat Software GmbH, Erkrath, Germany). Values are presented as means ±1 standard error of the mean (SEM). For the quantification of synaptic strength, the peak amplitude of the evoked EPSC was measured. The mean amplitudes of 4 EPSCs before the conditioning stimuli served as control. LTP was defined as a significant increase in the EPSC amplitudes after the conditioning stimuli for at least 30 min. Only a potentiation above 120% of normalized baseline values was considered as LTP. One-way repeated-measures (RM) ANOVA with Bonferroni adjustment or the nonparametric RM ANOVA on ranks with Dunnett's adjustment was performed to test for potentiation statistically. Effects of drugs were tested by Fisher's exact test.

PPR was determined by dividing the second EPSC amplitude by the first EPSC amplitude. Squared coefficient of variation was calculated from the first EPSC amplitude every 5 min and normalized to the baseline values (CV^−2 ^= mean^2^/variance) [@b0080]. The mean of 4 PPR and CV^−2^ values before the conditioning stimuli served as control values.

For the determination of the AP width, AP height, and the afterhyperpolarization (AHP) amplitude, the first AP elicited upon positive current injection for the determination of the firing pattern was used. Values were measured starting from the base of the AP.

Baseline values of the RMP, AP threshold, ΔV, membrane resistance, AP height, AP width, and AHP amplitude (Pre) were compared to the data acquired 30 min later (Post) for the control group without depolarization and the depolarized group, respectively. Conditioning depolarizing stimulation (CS) was performed at time point 0 min after the recording of the baseline values. Statistical analysis was performed by Student's paired *t* test or the nonparametric Wilcoxon signed rank test (Pre--Post comparison), by Student's unpaired *t* test or the nonparametric Mann-Whitney rank sum test (comparison control, CS), or with 1-way ANOVA or the Kruskal-Wallis ANOVA on ranks for nonnormally distributed data (comparison control, LTP, no LTP). *P* \< .05 was considered statistically significant.

3. Results {#s0050}
==========

3.1. The pattern of postsynaptic depolarization determines the effects on synaptic strength {#s0055}
-------------------------------------------------------------------------------------------

We first confirmed that spinal LTP could be induced under the given experimental conditions by applying a standard protocol for LTP induction. HFS of afferents in the attached ipsilateral dorsal root at C-fiber intensity and simultaneous postsynaptic depolarization (paired HFS) induced a strong postsynaptic Ca^2+^ rise with small peaks during conditioning stimulation (*n* = 10; highest Ca^2+^ signal ratio (340/380) 3.28 ± 0.16; *P* ⩽ .001 by Student's paired *t* test; [Fig. 1](#f0005){ref-type="fig"}Ba). Paired HFS was followed by a significant, lasting increase in the C-fiber evoked EPSC amplitude in 5 of 14 spinal lamina I neurons recorded (to 163 ± 16% of control 30 min after HFS, *P* \< 0.05 by 1-way RM ANOVA; [Fig. 1](#f0005){ref-type="fig"}Bb). Control experiments without any conditioning stimulation confirmed the stability of baseline Ca^2+^ levels throughout the recording period (*n* = 13; highest Ca^2+^ signal ratio (340/380) 1.15 ± 0.11; *P* \> 0.05 by Wilcoxon signed rank test, [Fig. 1](#f0005){ref-type="fig"}Aa) and EPSC amplitudes (*n* = 12; 97 ± 6% of control at time point 20 min, *P* \> 0.05, RM ANOVA on Ranks; [Fig. 1](#f0005){ref-type="fig"}Ab).

To test whether postsynaptic depolarization in the absence of any presynaptic conditioning stimulation is sufficient for LTP induction, we applied several depolarizing stimulation patterns to spinal lamina I neurons as conditioning stimuli. We recorded intracellular Ca^2+^ signals and compared the amplitudes of EPSCs evoked by electrical stimulation of dorsal horn afferents before and after conditioning stimulation. First, we depolarized the neurons to −30 mV for 22 s, which is identical to the postsynaptic depolarization protocol during paired HFS. This stimulation led to a Ca^2+^ kinetic quite similar to that of the paired HFS but lacking the peaks (*n* = 13; highest Ca^2+^ signal ratio (340/380) 3.43 ± 0.28; *P* ⩽ 0.001 by Student's paired *t* test; [Fig. 1](#f0005){ref-type="fig"}Ca). LTP was not induced in any of the neurons tested after steady postsynaptic depolarization for 22 s. EPSC amplitudes stayed stable at 106 ± 5% of control after 30 min (*n* = 7; *P* \> 0.05 by 1-way RM ANOVA, [Fig. 1](#f0005){ref-type="fig"}Cb).

We next asked whether the pulsed spikes observed during the HFS application were indispensable for the induction of synaptic LTP. We thus applied a pulsed conditioning stimulus. Neurons were depolarized 6 times by increasing current injection at 10 s interstimulus intervals. This stimulation protocol elicited regular Ca^2+^ spikes similar to the Ca^2+^ peaks observed during paired HFS (*n* = 10; highest Ca^2+^ signal ratio (340/380) 2.10 ± 0.24; *P* ⩽ 0.05 by Wilcoxon signed rank test; [Fig. 1](#f0005){ref-type="fig"}Da). Synaptic transmission was, however, not affected by this pulsed stimulation protocol (*n* = 12; 87 ± 5% of control after 30.5 min, *P* \> 0.05 by RM ANOVA on ranks, [Fig. 1](#f0005){ref-type="fig"}Db). To exclude that stimulation with 6 pulses may have been below the threshold for LTP induction, we next applied the same protocol twice. Twelve depolarizing pulses led to regular Ca^2+^ spikes (*n* = 12; highest Ca^2+^ signal ratio (340/380) 2.20 ± 0.20; *P* ⩽ 0.001 by Wilcoxon signed rank test; [Fig. 1](#f0005){ref-type="fig"}Ea). LTP was not induced in any of the neurons recorded. EPSC amplitudes stayed at 81 ± 10% of control at 30 min (*n* = 9; *P* \> 0.05 by RM ANOVA on ranks; [Fig. 1](#f0005){ref-type="fig"}Eb).

We then asked whether neurons that expressed LTP display specific patterns of membrane potential fluctuation during paired HFS that are essential for the induction of synaptic potentiation. We recorded the membrane potentials during the application of HFS from several neurons expressing LTP, and we used a typical pattern of membrane potential fluctuation for conditioning stimulation (surrogate HFS) in other lamina I neurons. During surrogate HFS, Ca^2+^ signals significantly rose above baseline (*n* = 10; highest Ca^2+^ signal ratio (340/380) 3.61 ± 0.36; *P* ⩽ 0.001 by paired *t* test; [Fig. 1](#f0005){ref-type="fig"}Fa) but failed to induce LTP in any of the 8 lamina I neurons tested (103 ± 7% of control after 30.5 min; *P* \> 0.05 by RM ANOVA on ranks; [Fig. 1](#f0005){ref-type="fig"}Fb). Thus, sustained or pulsed depolarization alone was ineffective for LTP induction. Collectively, our results indicate that LTP cannot be induced by postsynaptic depolarization leading to a rise in \[Ca^2+^\]~i~, which mimics the temporal patterns of \[Ca^2+^\]~i~ during paired HFS that induced LTP.

We next asked whether a pattern of postsynaptic Ca^2+^ rise can be identified that is capable of inducing LTP at C-fiber synapses, ie, whether spinal lamina I neurons can express non-Hebbian types of LTP. Repetitive depolarizing stimuli can induce priming in intracellular Ca^2+^ stores leading to larger intracellular Ca^2+^-induced Ca^2+^ waves in primed neurons than in neurons where no priming has been performed [@b0115]. Furthermore, priming protocols using repetitive depolarization have been reported to be more efficient for inducing intracellular Ca^2+^ release than protocols using sustained depolarizing stimuli [@b0115]. We thus combined the pulsed stimulation and the sustained depolarization protocol for 22 s (*n* = 10; highest Ca^2+^ signal ratio (340/380) 2.42 ± 0.18; *P* ⩽ 0.001 by Student's paired *t* test; [Fig. 2](#f0010){ref-type="fig"}Aa). This temporal pattern of membrane depolarization is reminiscent of plateau potentials observed in a subgroup of spinal dorsal horn neurons upon repetitive action potential discharges. This surrogate plateau potential now induced LTP in 13 of 26 neurons tested to 169 ± 7% of control after 30 min (*P* \< 0.001 by RM ANOVA on ranks, Dunnett's post hoc test; [Fig. 2](#f0010){ref-type="fig"}B).

We also asked whether stimulation protocols that induced LTP elicited significantly higher Ca^2+^ signals than stimulation protocols that failed to induce LTP. When we quantitatively compared the area under the curves of the Ca^2+^ kinetics after the different stimulation protocols, no significant differences were observed between the Ca^2+^ levels (*P* \> 0.05 for all comparisons by Kruskal-Wallis 1-way ANOVA on ranks; [Fig. 3](#f0015){ref-type="fig"}B). This indicates that the magnitude of the Ca^2+^ signal does not correlate with the induction of synaptic plasticity, suggesting that the temporal and/or spatial pattern of the Ca^2+^ gradient are relevant parameters.

3.2. Characterization of depolarization-induced LTP {#s0060}
---------------------------------------------------

For all subsequent experiments, the surrogate plateau potential ([Fig. 2](#f0010){ref-type="fig"}Aa) was used because it induced non-Hebbian LTP in a significant proportion of neurons.

To test whether depolarization-induced LTP depends on a rise in postsynaptic Ca^2+^, we added the Ca^2+^ chelator BAPTA to the pipette solution. This completely blocked potentiation in all neurons tested (*n* = 10; 91 ± 5% of control after 30 min; *P* \> 0.05 by 1-way RM ANOVA; *P* \< .05 by Fisher's exact test compared to stimulation without BAPTA; [Fig. 4](#f0020){ref-type="fig"}A). L-type VGCCs are activated in spinal lamina I neurons upon postsynaptic depolarization [@b0100]. We therefore tested whether L-type VGCCs need to be activated to induce LTP. We used nifedipine in the bath solution to block L-type VGCC, which might, however, also have nonspecific effects such as blocking voltage-dependent Na^+^ channels [@b0005; @b0110; @b0325]. To test whether nifedipine blocks voltage-dependent Na^+^ channels, we compared the number of action potentials during conditioning postsynaptic depolarization with and without nifedipine. There was no significant reduction in the number of APs in the presence of nifedipine (data not shown), suggesting that sodium channels required for action potential discharges were not blocked. In the presence of nifedipine, LTP could not be induced in any of the neurons recorded (*n* = 8; 74 ± 9% of control after 30 min; *P* \> 0.05 by RM ANOVA on ranks; *P* \< 0.05 by Fisher's exact test compared to stimulation in the absence of nifedipine; [Fig. 4](#f0020){ref-type="fig"}B). Thus, activation of L-type VGCCs seems to be necessary for LTP induction by postsynaptic depolarization. We also examined the role of postsynaptic NMDA receptors by adding the selective NMDA receptor blocker MK-801 to the pipette solution. LTP was induced under these conditions in 2 of 13 neurons (126 ± 2% of control after 30 min; [Fig. 4](#f0020){ref-type="fig"}C). Fisher's exact test indicated no significant difference compared to the control group (no stimulation), and significantly less LTP compared to the group using the same conditioning depolarization in the absence of MK-801. Taken together, the data suggest that LTP induction by postsynaptic depolarization may also involve the activation of postsynaptic NMDA receptors.

To test the hypothesis that repetitive depolarization leads to priming of internal Ca^2+^ stores via Ca^2+^-induced Ca^2+^ release, we used a high concentration of ryanodine (20 μM), which blocks Ca^2+^ release from ryanodine sensitive stores. We have previously demonstrated that at this concentration ryanodine has no effects on baseline synaptic transmission [@b0105]. Using ryanodine, no LTP was induced in any of the 9 neurons tested (74 ± 8% of control after 30 min; *P* \< 0.05 by Fisher's exact test compared to stimulation in the absence of ryanodine). Six of 9 neurons instead exhibited a significant decrease in the EPSC amplitudes 30 min after conditioning stimulation (*P* \< 0.001 by RM ANOVA; [Fig. 4](#f0020){ref-type="fig"}D).

We next asked if LTP induced by postsynaptic depolarization is expressed pre- or postsynaptically. Conditioning stimulation did not affect PPR, either in neurons that expressed LTP (*n* = 10; 98 ± 4% of control after 6 times 1 s + 22 s depolarization; after 30 min) or in neurons that did not express LTP (*n* = 12; 98 ± 8% of control after 6 times 1 s + 22 s depolarization; after 30 min, respectively; *P* \> 0.05 by Student's unpaired *t* test, respectively; [Fig. 5](#f0025){ref-type="fig"}A). Likewise, squared and normalized coefficient of variation (CV^−2^) indicated no significant difference after conditioning stimulation compared to baseline values (*n* = 13; *P* \> .05 by 1-way RM ANOVA on ranks; [Fig. 5](#f0025){ref-type="fig"}B). The stability of both PPR and CV^−2^ suggests that the expression of the non-Hebbian type of LTP is likely postsynaptic in nature.

3.3. Membrane properties of spinal lamina I neurons after postsynaptic depolarization {#s0065}
-------------------------------------------------------------------------------------

Intrinsic membrane properties of lamina I neurons were assessed before and after conditioning depolarizing stimulation using the same surrogate plateau potential protocol that induced non-Hebbian LTP. EPSCs were recorded throughout the experiment to also test for changes in synaptic strength in the same neurons ([Fig. 2](#f0010){ref-type="fig"}B).

Neurons were grouped as LTP-expressing and non-LTP-expressing neurons, then further classified into 4 categories according to their firing patterns. Neurons expressing non-Hebbian LTP exhibited either the gap firing pattern or the initial burst firing pattern ([Fig. 6](#f0030){ref-type="fig"}B, C). The group of neurons expressing no LTP predominantly displayed the gap firing pattern and rarely tonic firing pattern, initial burst firing pattern, or single spike firing pattern. Neurons of the control group exhibited mostly gap, and in some cases tonic or initial burst, firing patterns ([Fig. 6](#f0030){ref-type="fig"}A). Conditioning depolarization did not change the firing pattern in any group of neurons (data not shown).

We compared a measure of neuronal membrane excitability (ΔV), resting membrane potential (RMP), and action potential threshold (AP threshold) during the baseline period (Pre) and 30 min after conditioning stimulation (Post). Conditioning stimulation did not change the RMP, the AP threshold, or ΔV in any of the groups tested. RMP of neurons expressing LTP were not less negative 20 or 30 min after conditioning stimulation (*n* = 10; Pre: −57 ± 4; Post: −51 ± 2) than neurons of the control group 20 or 30 min after baseline recordings (*n* = 9; Pre: −55 ± 1; Post: −58 ± 4), providing no evidence for any increase in excitability in synaptically potentiated neurons ([Table 1](#t0005){ref-type="table"}). No change in the AP threshold or in ΔV could be observed in any of the groups tested (*n* = 9 in the control group, *n* = 16 in the CS group; *P* \> .05 by Student's paired *t* test or the nonparametric Wilcoxon signed rank test) or between the groups (*P* \> .05 by Kruskal-Willis ANOVA on ranks). Likewise, no changes in active or passive membrane properties were observed when neurons were further subdivided by the expression of LTP (*n* = 10 in LTP-expressing group, *n* = 6 in the group expressing no LTP; *P* \> .05 by Student's paired *t* test or the nonparametric Wilcoxon signed rank test for comparison between Pre and Post; *P* \> .05 by 1-way ANOVA or the nonparametric Kruskal-Willis ANOVA on ranks for comparisons between the groups; data summarized in [Table 1](#t0005){ref-type="table"}). Conditioning depolarization had no effect on AP height or width, or on membrane resistance compared to control ([Table 1](#t0005){ref-type="table"}).

4. Discussion {#s0070}
=============

Hebbian-type LTP has been demonstrated by numerous studies in different regions of the central nervous system including the dorsal horn of the spinal cord [@b0130; @b0135; @b0240]. In striking contrast, information about non-Hebbian LTP is scarce [@b0155; @b0275; @b0315]. Here we demonstrate that spinal lamina I neurons express a non-Hebbian type of LTP after a rise in \[Ca^2+^\]~i~ due to postsynaptic depolarization. Intrinsic membrane properties were, in contrast, not affected in these lamina I neurons.

4.1. Non-Hebbian LTP at C-fiber synapses in spinal dorsal horn neurons {#s0075}
----------------------------------------------------------------------

Various models of neuropathic and nociceptive pain are associated with secondary hyperalgesia [@b0230; @b0310] and with elevated levels of \[Ca^2+^\]~i~ in spinal superficial dorsal horn [@b0025; @b0040; @b0160; @b0225]. Until now, it has, however, never been demonstrated directly that a rise in postsynaptic \[Ca^2+^\]~i~ is sufficient for the generation of non-Hebbian type of synaptic plasticity in nociceptive pathways. Non-Hebbian type LTP between primary afferent C-fibers and spinal lamina I neurons constitutes a potential mechanism of secondary hyperalgesia.

In a recent study [@b0070], we induced LTP in the absence of any conditioning presynaptic stimulation by abrupt opioid withdrawal. At first glance, opioid-withdrawal LTP seems to be non-Hebbian because it illustrates some parallels with the presently identified LTP, ie, the independence from intentional presynaptic stimulation and the requirement of a postsynaptic Ca^2+^ rise and of NMDA receptor activation. Furthermore, the stability of the PPR as well as the CV^−2^ suggests that both forms of LTP are expressed postsynaptically, without requiring any retrograde messenger. Upon withdrawal, opioids may, however, enhance glutamate release [@b0145; @b0290]. Hence, the possibility of pre- and postsynaptic costimulation to induce opioid-withdrawal LTP, ie, a Hebbian-type LTP, cannot be fully excluded. In the present study, we provide the first direct evidence for non-Hebbian LTP at synapses in the spinal dorsal horn. Our data demonstrate LTP induction by a surrogate plateau potential protocol consisting of pulsed depolarization followed by a continuous depolarization. Synaptic inputs generating plateau potentials may arise from rhythmic, bursting discharges with on and off phases in sciatic nerve axons, eg, after chronic nerve injury [@b0065; @b0285]. A rhythmic discharge pattern may be caused by DRG membrane potential oscillations due to intermittent activation of Ca^2+^-dependent K^+^ channels [@b0190]. Similar to the presently identified non-Hebbian LTP, plateau potentials also require activation of L-type VGCCs [@b0200; @b0250] and NMDA receptors [@b0280].

Spinal lamina I neurons expressing non-Hebbian LTP fired action potentials in the gap firing pattern or the initial burst firing pattern. This result is in accordance with our previous studies demonstrating that LTP is preferentially induced in lamina I neurons projecting to the parabrachial region [@b0130] or to the periaqueductal gray in the brain [@b0135], which predominantly exhibit the gap firing pattern and the bursting firing pattern [@b0245].

We hypothesize that Hebbian LTP at C-fiber synapses is a potential mechanism of primary hyperalgesia, while non-Hebbian LTP may lead to secondary hyperalgesia. Another functional consequence of non-Hebbian LTP could be mechanical allodynia, if synaptic transmission of low-threshold mechanosensitive C- or Aβ-fibers would be potentiated as well. It seems possible that non-Hebbian LTP is induced under some forms of neuropathy. In animal models of neuropathy, diverse forms of neuronal plasticity have been found in the superficial dorsal horn that could lead to elevated levels of postsynaptic \[Ca^2+^\]~i~---decrease in EPSC thresholds [@b0180], decrease in mIPSC frequency [@b0205], elevation in mEPSC frequency [@b0140], and decrease in glutamate transporter expression [@b0210]---suggesting an increased and prolonged glutamate spillover to dorsal horn neurons. Inhibition of glutamate transporters has further been demonstrated to increase neuronal excitability [@b0305]. All these changes enhance neuronal excitation and might increase the frequency and/or the magnitude of intracellular Ca^2+^ waves in superficial dorsal horn neurons and thus possibly facilitate the induction of presently described non-Hebbian LTP.

Non-Hebbian LTP in spinal lamina I neurons depended on a rise in postsynaptic \[Ca^2+^\]~i~ and was blocked by nifedipine, suggesting that the activation of L-type VGCCs was necessary. The presently used nifedipine concentration might, however, also have additional effects, such as the blockade of sodium channels or the facilitation of neurotransmitter release [@b0005; @b0110; @b0325]. In the present study the number of action potentials in the presence of nifedipine was not significantly smaller than under control conditions suggesting no substantial blockade of voltage-dependent sodium channels that are required for action potential generation. Strong sustained depolarizing stimuli gradually inactivate VGCCs [@b0125; @b0260]. This may explain why sustained depolarizing protocols failed to induce non-Hebbian LTP. The staged, patterned depolarization leading to non-Hebbian LTP suggests that priming of signaling pathways may be involved, ie, an activation of signal transduction pathways that consequently regulate VGCCs by Ca^2+^-dependent mechanisms. It has, for example, been demonstrated that opening of L-type VGCC at the soma leads to the activation of the adenosine-3′,5′-phosphate (cAMP) pathway including activation of Ca^2+^/calmodulin-dependent protein kinase II (CaMKII). This activates nuclear gene transcription [@b0020] which enhances L-type VGCC activity [@b0030]. We suggest that the initial rise in Ca^2+^ triggers Ca^2+^-dependent Ca^2+^ release from ryanodine receptor-sensitive Ca^2+^ stores, which consequently activates intracellular mechanisms indispensable for the induction of non-Hebbian LTP. This is in line with our finding that non-Hebbian LTP was fully blocked by a ryanodine receptor antagonist.

4.2. The role of NMDA receptors for the induction of non-Hebbian type of LTP {#s0080}
----------------------------------------------------------------------------

Many forms of spinal pain amplification including the induction of some types of secondary hyperalgesia require activation of NMDA receptors [@b0045; @b0300; @b0335]. There are, however, reports of other types of secondary hyperalgesia that are independent of NMDA receptor activation [@b0150; @b0220; @b0235]. NMDA receptors are classically associated with Hebbian-type synaptic plasticity, as activation of NMDA receptors requires both binding of glutamate, as well as postsynaptic depolarization to remove the Mg^2+^ block of the NMDA receptors [@b0195; @b0215]. The Hebbian coactivation of the presynaptic and postsynaptic site then leads to Ca^2+^ influx through NMDA receptor channels. Accordingly, most previously described forms of non-Hebbian LTP are independent of any activation of NMDA receptors [@b0050; @b0155; @b0185]. Interestingly, our study revealed that induction of non-Hebbian LTP at C-fiber synapses with spinal lamina I neurons requires activation of NMDA receptors. Possibly ambient glutamate in the extracellular fluid is sufficient to bind to and to activate NMDA receptors upon depolarization. Ambient glutamate may originate from spontaneous glutamate release, eg, from spinal dorsal horn interneurons, from afferent fibers, as well as from descending neurons [@b0320]. Ambient glutamate in the extracellular space has indeed been demonstrated to be sufficient to activate NMDA receptors, when the postsynaptic neuron is depolarized [@b0075], and could thus contribute to NMDA receptor activation-dependent non-Hebbian LTP [@b0010].

4.3. Differential expression of synaptic and intrinsic plasticity in the spinal dorsal horn {#s0085}
-------------------------------------------------------------------------------------------

Numerous reports demonstrate that neurons of the superficial dorsal horn express synaptic plasticity including the presently identified non-Hebbian form of LTP. There are, in contrast, no data to suggest that neurons in the superficial dorsal horn express any form of intrinsic plasticity. Previous studies performed on lamina I or II neurons reported synaptic plasticity [@b0070; @b0085; @b0135], but not intrinsic plasticity [@b0015; @b0055; @b0205; @b0270]. In line with this, we also did not find any evidence for intrinsic plasticity in superficial dorsal horn neurons in the present study. Interestingly, in deep dorsal horn neurons, where intrinsic plasticity has been found [@b0120; @b0165], there are no reports demonstrating synaptic plasticity. Intrinsic plasticity in deep dorsal horn neurons is supposed to affect the transmission of nociceptive information [@b0255], and it has been demonstrated in deep dorsal horn neurons after dorsal root stimulation paired with postsynaptic depolarization [@b0165]. Furthermore, intrinsic plasticity may be induced by spinal nerve ligation in neurons of deep, but not in superficial laminae [@b0245]. This suggests that membrane properties of superficial dorsal horn neurons are apparently more stable than those of deep dorsal horn neurons.

In summary, this is to our knowledge the first study describing a non-Hebbian form of synaptic plasticity in spinal nociceptive pathways. This form of LTP may lead to the generation of heterotopic, secondary hyperalgesia and/or to allodynia and may contribute to opioid-induced hyperalgesia.
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![Impact of various conditioning stimuli on Ca^2+^ signals and synaptic strength. (Aa--Fa) Ca^2+^ signals elicited with different conditioning stimulation patterns are plotted against the time (s). Black lines represent mean values; gray areas, SEM. Pattern of depolarizing current injection/membrane potential is shown at the top of the graphs in (Ba--Fa), respectively. Arrows in (Ba) indicate HFS stimulation to attached dorsal root. (Ab--Fb) In all graphs, monosynaptic C-fiber-evoked EPSC amplitudes were normalized to prestimulation values (dotted line) and plotted against time (min). One dot represents the mean of 4 to 5 EPSC amplitudes, respectively; in (Bb--Fb), conditioning stimuli were applied at time point 0 min (arrows). Insets show original traces of C-fiber-evoked EPSCs at indicated time points; calibration bars indicate 100 ms and 400 pA. (Aa) Control recordings without any stimulation show a stable Ca^2+^ signal over the observation period of 160 s. (Ab) C-fiber EPSC amplitudes stay constant over a recording time of 25 min. (B) Paired HFS consisting of HFS applied 3 times at 200 Hz to the dorsal root with 10 s interstimulus interval, respectively, and of postsynaptic depolarization to −30 mV simultaneously increased the postsynaptic Ca^2+^ signal (Ba) and induced synaptic LTP in 5 of 14 neurons recorded (filled cycles). No potentiation was observed in the remaining 9 neurons (open cycles) (Bb). (C) Sustained postsynaptic depolarization for 22 s clearly increased the postsynaptic Ca^2+^ signal for the duration of the stimulation (Ca) but did not affect the strength of synaptic transmission (Cb). (D) Six postsynaptic depolarizing pulses for 1 s with increasing intensities and with 10 s interstimulus intervals each stepwise increased the Ca^2+^ signal (Da) but did not induce LTP in any of the 8 neurons tested (Db). (E) Stimulation protocol in (D) applied twice did not cause any change in the strength of synaptic transmission either (Eb). (F) Membrane potential of one neuron expressing LTP after HFS was applied as the conditioning stimulation (HFS surrogate). No LTP was observed in any of the neurons recorded (Fb).](gr1){#f0005}

![LTP induction after pulsed and sustained postsynaptic depolarization. (A) Ca^2+^ signals during postsynaptic depolarization are plotted vs time (s). (B) Averaged time course of monosynaptic C-fiber evoked EPSCs before and after application of the conditioning stimulus (arrow). Values were normalized to baseline values (dotted line). Filled circles represent neurons showing potentiation; open cycles, neurons showing no reaction after the conditioning stimulation. Insets show original traces of C-fiber evoked EPSCs at indicated time points; calibration bars indicate 100 ms and 400 pA. Combination of 6 pulsed depolarization for 1 s and sustained depolarization for 22 s with an interstimulus interval of 13 s at resting membrane potential in between induced a marked elevation in Ca^2+^ signal in all neurons tested (A) and induced LTP in 50% of the neurons tested (B).](gr2){#f0010}

![Comparison of the area under the curves of different Ca^2+^ kinetics. (A) Transmission and fluorescence image of a lamina I neuron labeled with the Ca^2+^-sensitive dye fura-2. (B) Area under the curves of Ca^2+^ kinetics elicited by LTP inducing stimulations (black bars) were compared with the area under the curves of Ca^2+^ signals induced by stimuli leading to no potentiation (open bars). There were no significant differences in the magnitude of Ca^2+^ levels after stimulation protocols that induced LTP and those that did not induce LTP (*P* \> .05 by Kruskal-Wallis 1-way ANOVA on ranks).](gr3){#f0015}

![Pharmacological characterization of non-Hebbian LTP. Averaged time course of monosynaptic C-fiber evoked EPSCs before and after application of the conditioning stimuli (arrow). Values were normalized to baseline values (dotted line). Insets show original traces of C-fiber-evoked EPSCs at indicated time points; calibration bars indicate 100 ms and 400 pA. Six depolarizing pulses for 1 s followed by sustained depolarization for 22 s ([Fig. 2](#f0010){ref-type="fig"}Aa) were used as LTP conditioning stimulation (CS) in this and all other subsequent figures if not otherwise stated. (A) Application of 20 mM BAPTA into the pipette solution blocked LTP induction in all 10 neurons tested (*P* = .006 when compared to LTP after CS in the absence of BAPTA; Fisher's exact test). (B) Blocking L-type VGCCs with 50 μM nifedipine added to the bath solution inhibited induction of synaptic LTP in 8 neurons tested (*P* = .013 when compared to LTP after CS in the absence of nifedipine, Fisher's exact test). (C) Application of postsynaptic NMDA receptor blocker MK-801 into the pipette solution significantly reduced the induction rate of LTP (*n* = 2 of 13; *P* = .045 when compared to LTP induced after CS in the absence of MK-801, Fisher's exact test). (D) CS in the presence of 20 μM ryanodine blocked LTP in all 9 neurons tested (*P* = .013 when compared to LTP induced after CS in the absence of ryanodine, Fisher's exact test).](gr4){#f0020}

![Paired pulse ratio (PPR) and coefficient of variation. (A) PPRs of neurons showing significant potentiation did not differ significantly from PPRs of neurons that did not potentiate 30 min after the conditioning stimulation (*P* = 0.992 by Student's unpaired *t* test). (B) Normalized and squared coefficient of variation (CV^−2^) was not significantly changed in all time points recorded (*P* = 0.157 by RM ANOVA on ranks).](gr5){#f0025}

![Firing patterns of lamina I neurons expressing non-Hebbian LTP. (A) Neurons expressing synaptic LTP after a conditioning stimulus exhibited either the gap or the initial burst firing pattern, whereas neurons showing no potentiation fired mostly in the gap firing pattern, or rarely in tonic, initial burst, or single spike pattern. The gap firing pattern was the most common firing pattern in all of the groups. (B) Typical example of initial burst firing pattern showing 2 or more bursts of action potentials at the beginning of the positive current injection. (C) Representative example of gap firing pattern with the characteristic long first interspike interval. Bottom traces show depolarizing current injections superimposed.](gr6){#f0030}

###### 

Summary of intrinsic membrane properties in spinal lamina I neurons[a](#tblfn1){ref-type="table-fn"}.

  Characteristic                                 Control (*n* = 9)                           CS (LTP + no LTP) (*n* = 16)                LTP (*n* = 10)                             No LTP (*n* = 6)
  ---------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------ -------------------------------------------
  *RMP, mV*                                                                                                                                                                         
  Pre                                            −55 ± 1                                     −55 ± 3                                     −57 ± 4                                    −52 ± 2
  Post                                           −58 ± 4                                     −52 ± 1                                     −51 ± 2                                    −54 ± 1
                                                                                                                                                                                    
  *Action potential threshold, mV*                                                                                                                                                  
  Pre                                            −34 ± 2                                     −37 ± 2                                     −40 ± 3                                    −33 ± 3
  Post                                           −33 ± 2                                     −37 ± 2                                     −39 ± 3                                    −33 ± 4
                                                                                                                                                                                    
  *RMP* − *action potential threshold, ΔV, mV*                                                                                                                                      
  Pre                                            21 ± 2                                      18 ± 4                                      17 ± 6                                     19 ± 2
  Post                                           25 ± 5                                      15 ± 3                                      12 ± 3                                     21 ± 4
                                                                                                                                                                                    
  *Action potential height, mV*                                                                                                                                                     
  Pre                                            87 ± 5                                      89 ± 3                                      89 ± 4                                     88 ± 5
  Post                                           77 ± 5[⁎](#tblfn2){ref-type="table-fn"}     85 ± 3[⁎](#tblfn2){ref-type="table-fn"}     87 ± 3                                     83 ± 6[⁎](#tblfn2){ref-type="table-fn"}
                                                                                                                                                                                    
  *Action potential width at base, ms*                                                                                                                                              
  Pre                                            1.5 ± 0.2                                   1.4 ± 0.1                                   1.5 ± 0.1                                  1.3 ± 0.1
  Post                                           1.5 ± 0.2                                   1.4 ± 0.1                                   1.4 ± 0.1                                  1.3 ± 0.1
                                                                                                                                                                                    
  *Posthyperpolarization amplitude, mV*                                                                                                                                             
  Pre                                            −30 ± 3                                     −30 ± 3                                     −27 ± 3                                    −35 ± 4
  Post                                           −33 ± 3[⁎](#tblfn2){ref-type="table-fn"}    −30 ± 3                                     −26 ± 3[⁎](#tblfn2){ref-type="table-fn"}   −37 ± 5
                                                                                                                                                                                    
  *Membrane resistance, MΩ*                                                                                                                                                         
  Pre                                            712 ± 89                                    601 ± 131                                   592 ± 151                                  616 ± 240
  Post                                           380 ± 83[⁎](#tblfn2){ref-type="table-fn"}   346 ± 77[⁎](#tblfn2){ref-type="table-fn"}   408 ± 119                                  243 ± 37[⁎](#tblfn2){ref-type="table-fn"}

CS, conditioning depolarizing stimulation; LTP, long-term potentiation; RMP, resting membrane potential.

Data are presented as mean ± 1 standard error of the mean. No statistically significant difference was observed in any of the stimulated groups compared to the control group, nor between any of the depolarized groups, respectively.

*P* \< 0.05 compared to baseline values (Pre).
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